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  Under some pathological conditions as bile flow obstruction or liver diseases with the enterohepatic 
circulation being disrupted, regurgitation of bile acids into the systemic circulation occurs and the 
plasma level of bile acids increases. Bile acids in circulation may affect the nervous system. We 
examined this possibility by studying the effects of bile acids on gating of neuronal (N)-type Ca
2＋ 
channel that is essential for neurotransmitter release at synapses of the peripheral and central nervous 
system. N-type Ca
2＋ channel currents were recorded from bullfrog sympathetic neuron under a 
cell-attached mode using 100 mM Ba
2＋ as a charge carrier. Cholic acid (CA, 10
－6 M)  that i s r e lati ve ly  
hydrophilic thus less cytotoxic was included in the pipette solution. CA suppressed the open probability 
of N-type Ca
2＋ c h a n n e l ,  w h i c h  a p p e a r e d  t o  b e  d u e  t o  a n  i n c r e a s e  i n  n u l l  ( n o  a c t i v i t y )  s w e e p s .  F o r  
example, the proportion of null sweep in the presence of CA was ∼40% at ＋40 mV as compared with 
∼8% in the control recorded without CA. Other single channel properties including slope conductance, 
single channel current amplitude, open and shut times were not significantly affected by CA being 
present. The results suggest that CA could modulate N-type Ca
2＋ channel gating at a concentration 
as low as 10
－6 M. Bile acids have been shown to activate nonselective cation conductance and depolarize 
the cell membrane. Under pathological conditions with increased circulating bile acids, CA suppression 
of N-type Ca
2＋ channel function may be beneficial against overexcitation of the synapses.
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INTRODUCTION
  Bile acids are formed from cholesterol in the hepatocyte 
and stored in gallbladder, being released for transport lip-
ids as mixed micells in the small intestine thereby promot-
ing lipid absorption [1]. In health, the enterohepatic circu-
lation efficiently conserves bile acids, which results in the 
concentration of bile acids in plasma being extremely low 
[2]. However, under pathological conditions as bile flow ob-
struction or bile duct disease, regurgitation of bile acids into 
the systemic blood stream occurs, resulting in an increased 
plasma level of bile acids as high as to 500∼600 μm [3]. 
Increase in circulating level of bile acids may lead to a wide 
variety of pathophysiological conditions [4,5].
  Physiological role of bile acids besides emulsifying lipids 
have been recognized, for example, in glucose homeostasis 
[6-8], thyroid function [9], and cardiovascular function [10]. 
Bile acids also could produce PGE2 via activation of COX-2 
[11], and directly interact with muscarinic receptors [12]. 
These actions of bile acids appear to be mediated through 
their binding to specific receptors. Recently, an existence 
of cell surface receptors [13,14] besides nuclear receptors 
[15-17] has been proposed, which is thought to be coupled 
with G-protein [14,18,19]. Bile acids also may directly acti-
vate ion channel protein such as large conductance Ca
2＋ 
activated K
＋ channel [20].
  Little information is available on the effects of bile acids 
on the nervous system. High concentration of bile acids free 
in circulation may affect the function of peripheral and/or 
central neurons. In the present study, we explored this pos-
sibility by studying the effects of bile acids on neuronal 
(N)-type Ca
2＋ channel that is known to be essential for neu-
rotransmitter release at synapses of the peripheral and cen-
tral nervous system [21]. Biophysical properties of N-type 
Ca
2＋ channel at a single channel level have been extensively 
characterized in bullfrog sympathetic neuron [22], in which 
a major proportion of functionally expressed Ca
2＋ channel 
is N-type. Therefore, this system was adopted to assess the 
effects of low concentration of cholic acid (CA) that is rela-
tively hydrophilic [23,24] thus less damaging to the cell 
membrane or least cytotoxic [25].26 HK Lee, et al
Fig. 1. Example traces for typical 
effects of cholic acid (CA) on single 
N-type Ca
2＋ channel activity at ＋40 
mV. (A) Twelve consecutive sweeps 
are shown from a single N-type Ca
2＋
channel patch recorded in the ab-
sence of CA. Data were obtained by 
applying 100 ms voltage steps every 
2 sec. Pseudomacroscopic current 
below the sweeps was averaged from 
100 sweeps. A diary plot of open 
probability (Po) measured over the 
100 ms sweep duration is shown at 
the bottom for 100 consecutive vol-
tage steps to ＋40 mV from holding 
potential of －40 mV. The brackets 
illustrate the areas shown in the 
trace above. (B) Recordings from 
another single channel patch in the 
presence of CA (10
－6 M) applied in 
the pipette solution. Note an increa-
se in null (no activity) sweeps with 
decreased pseudomacroscopic cur-
rent. Diary plot indicates similar Po 
gating in active sweeps between the 
two patches. The illustrated records 
were Gaussian filtered at 1 kHz. 
METHODS
Neuronal cell preparation from bullfrog sympathetic 
neuron
  Neurons were isolated from caudal paravertebral sym-
pathetic ganglia of adult bull frogs (Rana Catesbeiana) and 
dissociated by a collagenase/dispase digestion and tritu-
ration [22]. Cells were maintained in L-15 culture medium 
supplemented with 10% fetal bovine serum and penicillin/ 
streptomycin. Cells were stored at 4
oC until use.
Cell-attached single channel recording
  N-type Ca
2＋ channel currents were recorded under a cell 
attached mode at room temperature using 100 mM Ba
2＋ 
as a charge carrier. The pipette solution contained (in mM): 
100 BaCl2, 10 tetraethylammonium chloride, 5 4-aminopy-
ridine and 10 N-methyl-D-glucamine (NMG)-HEPES. The 
extracellular solution was designed to zero the cell’s mem-
brane potential and contained (in mM) 100 KCl, 10 K- 
HEPES, and 5 NMG-EGTA, pH 7.2. The zeroing solution 
contained 10
－6 M (±) Bay K8644 to reveal the presence of 
L-type Ca
2＋ channels in the patch. Patches containing L- 
type Ca
2＋ channels were excluded from analysis.
  Electrodes for single channel experiments were fabricat-
ed from Corning 7052 (o.d. 1.5 mm, i.d. 0.86 mm: A-M Sys-
tems, Sequim, WA) glass. These electrodes had resistances 
ranging from 15 to 40 MΩ, which were coated with Sylgard 
(GE Silicones RTV615; General Electric Co.).
  The Voltage clamp test pulse protocols were delivered, 
and single channel current responses were amplified and 
filtered (at 2 kHz) by means of a patch clamp amplifier 
(Axopatch 200B, Axon Instruments, Foster City, CA) inter-
faced to a MacAdios II analogue-digital converter (GW 
Instruments) and a Macintosh computer running S3 data 
acquisition software written by Dr. Stephen Ikeda (NIH, 
Rockville, MA). Currents were amplified an additional 10 
times by a Bessel filter (Warner, LPF-100B). Data were ob-
tained in sets of 100 voltage steps of 100 ms duration deliv-
ered at a 2s interval, and analyzed using IgorPro software 
(Wavemetrics).
Drugs
  Chlolic acid was obtained from Sigma (St. Louis, MO) and 
dissolved in distilled water to make a stock of 10
－1 M that 
were diluted in pipette solution immediately before each 
use.
Statistics
  Averaged data are expressed as means±SD; n represents 
the number of patches. Student t-test was performed and 
probabilities of less than 5% were considered statistically 
significant.
RESULTS 
  Cholic acid (CA) at 10
－6 M inhibited N-type Ca
2＋ channel 
currents. CA increased the frequency of null (no activity) 
sweeps resulting a decrease in amplitude of pseudomacro-
scopic currents (Fig. 1). The proportion of null sweeps in Bile Acid Effects on Neuronal Ca
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Fig. 3. Effects of cholic acid (CA) on other biophysical properties of N- type Ca
2＋ channel. (A) Twelve consecutive sweeps recorded in the 
presence of CA (10
－6 M) are shown for each voltage. This patch contained a single N-type Ca
2＋ channel. (B) Instantaneous current-voltage
relationship from the patch illustrated in A. The ramp current elicited by a ramp voltage from －120 to ＋80 mV (ramp speed 1 mV/ms) 
was averaged from 10 sweeps. (C) The slope conductance (γ) was calculated by linear regression and was 21.2±1.7 pS and a singe channel 
current at 0 mV of 1.3±0.1 pA (n=5 patches/3 frogs), which were not different from those of control patches or those of typical N-type 
Ca
2＋ channel. 
Fig. 2. Effects of cholic acid (CA) on open probability (Po) of N-type 
Ca
2＋ channel measured from patches containing a single N-type 
Ca
2＋ channel. CA (10
－6 M) suppressed Po measured over 100-ms 
voltage steps to various voltages from holding potential of －40 mV. 
Each symbol represents the mean Po (included nulls) calculated 
from a 100 sweep data set and averaged over several patches. Open 
circles represent the patch recorded without CA (n=4 patches/3 
frogs) and closed circles are from the patch recorded with CA 
included in the pipette solution (n=3 patches/3 frogs). The solid 
(CA) and dashed (control) lines are from a single Boltzmann fit 
to all points. The parameters for the line are V1/2=30 mV, slope= 
e-fold for 8 mV, and maximum Po=0.3 for CA, and V1/2=30 mV, 
slope=e-fold for 6 mV, and maximum Po=0.6 for control. *p＜0.05.
the presence of CA in this specific patch was 71, 46 and 
40% at ＋20, ＋30 and ＋40 mV, respectively, whereas they 
were 15, 12 and 8 in the control patch recorded without 
CA. When active sweeps are compared in diary plots (bottom 
trace), the channels from the two patches were gating with 
similar open probability (Po).
  An increase in the frequency of null by CA was man-
ifested in a decreased Po of the channel (Fig. 2). The Po 
was calculated from a 100 sweep data set including null 
sweeps and averaged over several patches. For example, 
at ＋30 mV the Po was 0.16±0.04 (n=3 patches/3 frogs) in 
the presence of CA (closed circle), while that was 0.36±0.05 
(n=4 patches/3 frogs) in the control without CA (open cir-
cle). The data were fit by a single Boltzmann equation. In 
the presence of CA, the Boltzmann half activation voltage 
(V1/2) was 30 mV and a slope of e fold change was 8 mV 
with maximum Po of 0.3, while in the control without CA 
they were 30 mV, 6 mV and 0.6, respectively.
  The effects of CA on other biophysical properties of N- 
type Ca
2＋ channel was also determined (Fig. 3). In the pres-
ence of CA (10
－6 M) the single channel current amplitude 
appeared to be similar to that of control (Fig. 3A), suggest-
ing that channel permeation was not affected by CA. The 
instantaneous current-voltage relationship seemed to be al-
so unaffected by CA (Fig. 3B). In the presence of CA, the 
current elicited by a ramp voltage from －80 to ＋120 mV 28 HK Lee, et al
Fig. 4. Effects of cholic acid (CA) on 
mean open and shut times of N-type 
Ca
2＋ channel. (A) The open time 
histograms measured from five pat-
ches containing one or two N-type 
Ca
2＋ channel were fit by a single ex-
ponential. The mean open time (τ o) 
increased with voltage (＋20,  ＋30, 
＋40 mV from the top to the bottom), 
which were similar to those of 
controls. (B) The shut time histo-
grams measured from three patches 
containing a single N-type Ca
2＋ cha-
nnel were fit by two exponentials. 
The brief component (τ sh1) did not 
vary with voltage, while the longer 
component (τ sh2) decreased with vol-
tage. These properties were similar 
to those of controls and those of 
typical N-type Ca
2＋ channel.
(ramp speed of 1 mV/ms) was resolvable at potentials pos-
itive to ∼＋10 mV and the mean voltages generating the 
peak current was ∼＋35 mV (n=5 patches/3 frogs, Fig. 3B), 
which is similar to that of control patches (data not shown). 
Single channel current amplitude measured at each patch 
potential was averaged from 5 patches and plotted against 
patch potential (Fig. 3C). The slope conductance was calcu-
lated from 0 to ＋50 mV by linear regression and was found 
to be 21.2±1.7 pS with a single channel current at 0 mV 
of －1.3±0.1 pA (n=5 patches/3 frogs, Fig. 3C), which were 
almost identical to those of controls and the properties of 
N-type Ca
2＋ channel previously reported [22].
  Mean open time and shut time histograms of N type Ca
2＋ 
channel in the presence of CA are illustrated in Fig. 4. The 
open time histograms were well fit by a single exponential. 
The mean open time (τ o) increased with voltage (n=5 patch-
es/3 frogs, containing one or two channels). The shut time 
histograms were fit by two exponentials with the longer 
component (τ sh2) decreased with voltage (n=3 patches/3 
frogs, containing one channel). These properties are con-
sistent with those of N-type Ca
2＋ channel [22]. For exam-
ple, at ＋30 mV the mean open time was 1.6 ms and the 
mean shut times were 0.4 and 2.6 ms in the presence of 
CA, which were similar to those of controls (1.4 ms, and 
0.4 and 2.5 ms, respectively). Thus, CA did not seem to af-
fect the duration of N-type Ca
2＋ channel opening and 
closing.
DISCUSSION
  The present study demonstrates that CA inhibits N-type 
Ca
2＋ channel function by altering channel gating. Other 
single channel properties such as current-voltage relation-
ship, unitary slope conductance, single channel current am-
plitude, open times and shut times were unaffected by CA. 
CA increased the frequency of null (Figs. 1 and 3) and con-
sequently decreased Po. The null sweeps appeared to be 
clustered, suggesting that an open state is not attainable 
for a period of time during which the channel may not be 
responsive to excitatory signals or depolarization. Thus, un-
der pathological conditions where circulating bile acids get Bile Acid Effects on Neuronal Ca
2＋ channel 29
elevated, N-type Ca
2＋ channel function may be suppressed 
leading to a synaptic depression.
  The mechanism by which CA modulates N-type Ca
2＋ 
channel is obscure. It is not due to cytotoxicity, since CA 
is one of the least cytotoxic bile acids [25]. Nonspecific mem-
brane damage and cell lysis [26] is unlikely, since the con-
centration used in the present experiment is at least 1,000 
times less than the concentration producing membrane tox-
icity [27] or critical micelle concentration [28-30].
  One possibility is that CA may modulate N-type Ca
2＋ 
channel function by directly interacting with channel 
protein. However, one can argue that binding of bile acids 
to protein is correlated with their hydrophobicity and CA 
is relatively hydrophilic among bile acids [23,24]. Dissocia-
tion constant of CA to albumin was 333  μM [31-33] that 
is ∼300 times greater than the concentration used in the 
present study. Thus, suppression of Ca
2＋ channel in the 
presence of 1  μM CA may not be entirely attributable to 
CA binding directly to the channel protein.
  Another possibility is that CA may act through a G-pro-
tein coupled cell surface receptor protein [14]. G protein βγ 
subunit has been shown to modulate N-type Ca
2＋ channel 
gating in a membrane delimited manner [34]. However, in 
the presence of norepinephrine known to inhibit N-type Ca
2＋ 
channel gating through G protein βγ subunit, no signifi-
cant increase in null sweeps was observed [35], ruling out 
the possibility of involving membrane delimited pathway.
  Finally, CA may alter local lipid invironement where the 
channel protein is situated. Synthetic detergent Triton- 
X100 (10
－5 M) that decreases bilayer stiffness or promotes 
convex curvature of the membrane lipid shifted steady state 
voltage-dependent inactivation of N-type Ca
2＋ channel to-
ward more negative potentials [36]. CA, due to its amphi-
patic nature, may also affect local lipid environment sim-
ilarly and modify inactivation property of N-type Ca
2＋ 
channel. One mechanism generating null sweeps may be 
inactivation from intermediate closed states of the channel 
on its way to opening [22,37,38]. If that is true, an increase 
in null sweeps and consequent rapid inactivation will lead 
to a left shift of the inactivation-voltage relationship. How-
ever, we did not see any significant increase in null sweeps 
by Triton-X100 at 10
－6 M under the identical experimental 
condition (data not shown). Therefore, the possibility of in-
volving a specific protein effecting the interaction of CA on 
N-type Ca
2＋ channel gating still remains valid.
  N-type Ca
2＋ channel is one of the main Ca
2＋ channels 
known to mediate neurotransmitter release at presynaptic 
terminals [39,40]. N-type Ca
2＋ channel is required for hip-
pocampus-dependent learning and memory [41], sensory 
transmission [42,43], pain transduction in particular [44] 
and autonomic function. In mice deficient of N-type Ca
2＋ 
channel exhibited a substantial reduction in basal synaptic 
transmission [41], higher pain threshold [45] and decreased 
sympathetic nerve activity [46]. Thus, it is reasonable to 
predict that a high concentration of circulating CA, by sup-
pressing N-type Ca
2＋ channel function, could result in sim-
ilar pathophysiological effects, but to different levels. Seve-
ral studies have shown in various cell types that bile acids 
activated nonselective cation conductance (INSC). Taurode-
oxycholic acid, dexoycholic acid or diluted fresh bile have 
been shown to activate INSC [47,48] and/or Na
＋-dependent 
membrane depolarization [48,49]. Under some pathological 
conditions with increased concentrations of bile acids, the 
suppression of N-type Ca
2＋ channel function by CA may 
be beneficial in moderating excitation of the synapses.
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